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Abstract The 2015/2016 El Niño has been classiﬁed as one of the three most severe on record. El Niño
teleconnections are commonly associated with droughts in southern Africa and high precipitation in
eastern Africa. Despite their relatively frequent occurrence, evidence for their hydrological eﬀects and
impacts beyond agriculture is limited. We examine the hydrological response and impact pathways of the
2015/2016 El Niño in eastern and southern Africa, focusing on Botswana, Kenya, and Zambia. We use in
situ and remotely sensed time series of precipitation, river ﬂow, and lake levels complemented by qual-
itative insights from interviews with key organizations in each country about awareness, impacts, and
responses. Our results show that drought conditions prevailed in large parts of southern Africa, reduc-
ing runoﬀ and contributing to unusually low lake levels in Botswana and Zambia. Key informants char-
acterized this El Niño through record high temperatures and water supply disruption in Botswana and
through hydroelectric load shedding in Zambia. Warnings of ﬂood risk in Kenya were pronounced, but
the El Niño teleconnection did not materialize as expected in 2015/2016. Extreme precipitation was lim-
ited and caused localized impacts. The hydrological impacts in southern Africa were severe and complex,
strongly exacerbated by dry antecedent conditions, recent changes in exposure and sensitivity and man-
agement decisions. Improved understanding of hydrological responses and the complexity of diﬀering
impact pathways can support design of more adaptive, region-speciﬁc management strategies.
Plain Language Summary The 2015/2016 El Niño was one of the three most severe on record.
El Niño is commonly linked to droughts in southern Africa and extreme rainfall in eastern Africa but no
two El Niño’s are the same. We present an analysis of the impact of the 2015/2016 El Niño in eastern and
southern Africa, focusing on Botswana, Kenya, and Zambia. We use ﬁeld measurements and observations
from satellites of rainfall, river ﬂow, and lake levels in combination with insights from experts in each coun-
try about awareness, impacts, and responses. Our results show that drought conditions prevailed in large
parts of southern Africa, reducing river runoﬀ and contributing to unusually low lake levels in Botswana
and Zambia. This led to water supply disruption in Botswana and hydroelectric load shedding in Zam-
bia. Warnings of ﬂood risk in Kenya were pronounced, but the El Niño did not materialize as expected in
2015/2016. Extreme rainfall was limited and caused only localized impacts. Improved understanding of
the regional impact of El Niño will help to be better prepared for the next El Niño.
1. Introduction
Sea surface temperatures in the eastern Paciﬁc Ocean following the 2015/2016 El Niño have returned to
normal, but the scale of hydrological and socioeconomic impacts of the event have yet to be assessed.
El Niño, or the El Niño Southern Oscillation (ENSO) is one of the major and most well-deﬁned drivers of
interannual climatic variability in the world. A global phenomenon, El Niño recurs every 2–7 years with
varying intensity. The El Niño of 2015/2016 was the strongest on record, on par with the major events
of 1982/1983 and 1997/1998 (Parker et al., 2016). El Niño events enhance precipitation variability around
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the world (Blunden & Arndt, 2016), and are generally associated with drought in southern Africa, and
precipitation and ﬂoods in eastern Africa (Nicholson & Kim, 1997).
In this paper we focus on three examples of El Niño associated hydrological disruption in urban areas,
two looking at drought and one considering ﬂooding. Despite their potential wide-ranging consequences,
detailed evaluations of broader socioeconomic impacts of hydrological disruption in Sub-Saharan Africa
(SSA) are rare. The impact of droughts in southern Africa during El Niño years has generally been associated
with agriculture (Archer et al., 2017; Baudoin et al., 2017; Bennie & Hensley, 2001; Glantz, 2001; Rojas et al.,
2014; Stige et al., 2006). With increasing urbanization, however, water supply disruption from chronic and
episodic water scarcity has become endemic in SSA. In addition, reliable hydropower production is at risk
during prolonged droughts, with many countries relying on a few hydropower dams for a large propor-
tion of their electricity supply (Conway et al., 2015). Electricity infrastructure and consumption has been
broadly linked with development, economic growth and increased productivity (Eberhard & Shkaratan,
2012; Geginat & Ramalho, 2015; Kaseke & Hosking, 2013). So too has water infrastructure. The evidence
base considering the relationship surrounding the quality of electricity supply and the economy is much
sparser, however, and detailed analyses of the role of climate in impact pathways of public water supply
disruption are almost nonexistent.
Floods and their impacts in SSA are similarly lacking in attention in the literature, even though the prob-
lem is of serious concern (Tarhule, 2005). Floods cause major short-term social and economic disruption
in SSA and, through their impact on infrastructure, incur signiﬁcant long-term ﬁnancial losses. In Kenya,
extensive ﬂoods during the 1997/1998 El Niño caused loss of life and livestock and widespread disruption
of socioeconomic activities for several months due to extensive damage to property, infrastructure, and
communication facilities (Conway, 2002). Most cities in SSA have a large portion of their population living
in informal settlements, exacerbating the extent towhichpeople’s lives and livelihoods are exposed to ﬂood
risk (Bhattacharya-Mis & Lamond, 2011).
The examples given above are illustrative, but themethods and data used to estimate impacts of ﬂoods and
droughts are often poorly documented. To our knowledge there are no examples for SSA of near real-time
assessments with detailed analysis of impact pathways that couple biophysical andmanagement perspec-
tives. Strong El Niño’s are relatively rare events that are typically described in studies on global or regional
hydrology, that consider temporal correlationwithprecipitation (Nicholson&Kim, 1997; Nicholson&Selato,
2000; Parhi et al., 2016; Preethi et al., 2015) or a single hydrological characteristic like river ﬂows or water
scarcity (Amarasekera et al., 1997; Veldkamp et al., 2015; Ward et al., 2010). Given the importance of El Niño
associated anomalies to climate variability in SSA, a better understanding of the hydrological response and
impact pathways is crucial for developing eﬀective and adaptive water resources management strategies.
Developing such strategies is complicated by the erratic nature of El Niño. While its drivers and teleconnec-
tions are increasingly well understood, El Niño remains elusive. Past decades have seenmany false forecasts
(Cohen, 2016; McPhaden, 2015; McPhaden et al., 2015) and El Niño’s strength and timing varies from event
to event. Warm sea surface temperature anomalies in parts of the Paciﬁc are insuﬃcient in themselves to
generate an El Niño (McPhaden, 1999). Higher frequency variability, mostly related to westerly winds sig-
niﬁcantly modulates El Niño events and can even stop its progress (Hu et al., 2014; Levine & McPhaden,
2016; McPhaden, 1999). ENSO is, moreover, just one of the factors governing regional weather variability.
Other factors include interactions with diﬀerent modes of sea surface temperatures variability; the Indian
Ocean Dipole (Conway et al., 2007; Saji & Yamagata, 2003), the Subtropical Indian Ocean Dipole (Behera
et al., 2000; Behera & Yamagata, 2001; Reason, 2001; Washington & Preston, 2006) and sea surface tem-
peratures in the Atlantic Ocean (Reason & Smart, 2015). This complex system of inﬂuences, oﬀ-setting or
strengthening one another depending on their timing and location of occurrence, leads to profound spatial
variation in impacts associatedwith El Niño in SSA. It also adds considerable randomness to teleconnections
and their hydrological consequences.
The 2015/2016 El Niño presents a unique case; it is one of the strongest on record, after a period of relatively
mild El Niño events. Advances in data collection, that is, remote sensing, supported by global eﬀorts in
consolidating spatially consistent climatic and hydrological databases, mean there is now near real time
data and records of suﬃcient length to trace impact pathways and allow comparison of this El Niño with
others, in locations where observations may be very sparse. Forecasts and newly established early warning
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networks facilitated a management response of which the eﬀectiveness can be evaluated. In this paper
we therefore apply a mixed-method approach to examine how precipitation during the 2015/2016 El Niño
unfoldedandhow it propagated throughhydrological pathways togenerate societal impacts and, secondly,
to analyze the role of preparedness and response by resource managers during the events.
2. Methodology
2.1. Methods of Analysis
We adopted a mixed methods research design (Creswell & Clark, 2007; Tashakkori & Teddlie, 1998) that
coupled analysis of hydrological data with qualitative data from interviews with key informants. First, we
tracked the hydrological response to the 2015/2016 El Niño over a 2-year period, starting in July 2014, to
examine the El Niño evolution, that is, to capture the near El Niño year of 2014/2015 and the onset, peak
and cessation of the 2015/2016 El Niño. Comparison was made with previous El Niño events classiﬁed as
“Strong” to “Very Strong,” including 1982/1983 and 1997/1998, and with non-El Niño years. Only data
series that include the 2015/2016 El Niño, up to June 2016, were used. This composite analysis was
supplemented with analyses of precipitation, river ﬂow and lake level time series, to examine the role of
antecedent conditions. We traced the hydrological response in four steps:
1. Seasonal precipitation totals were analyzed for locations in, or near, each of the capital areas; Nairobi
for Kenya, Gaborone for Botswana and Choma-Batoka, in between Lusaka, the capital of Zambia, and
Lake Kariba, the country’s major source of hydropower. Annual data were aggregated over the July to
June period to capture the complete cycle of precipitation; parts of Kenya experience bimodal
seasonality, with precipitation maxima during March to May, known as the long rains, and October to
December, known as the short rains, while in the relevant areas of Botswana and Zambia precipitation
is unimodal. Cumulative precipitation over the 2-year period was also calculated.
2. Precipitation anomalies over the contributing river basin (in case of the Zambezi) or the whole country
(in the cases of Botswana and Kenya) were assessed through the “Weighted Anomaly Standardized
Precipitation” (WASP) index (Lyon & Barnston, 2005), based on the monthly CHIRPS precipitation
product. WASP gives an estimate of the relative deﬁcit or surplus of precipitation for diﬀerent time
intervals ranging from 1 to 12 months. To compute the index, 3-monthly precipitation departures from
the long-term average (here 1986–2015) were obtained and then standardized by dividing by the
standard deviation of monthly precipitation. For Kenya a more detailed comparison was made with
the notorious 1997/1998 El Niño, using a 6-month WASP for the October to March period.
3. River ﬂows upstream of the main reservoirs integrate precipitation anomalies in the upstream
catchment areas and were used to assess the extent of hydrological impacts. Although these
observations exclude information on water storage in reservoirs, they are independent of
management practices that inﬂuence reservoir volumes. Daily river ﬂows were aggregated to monthly
sums (for Zambia only).
4. Lake and reservoir levels are an important indicator for hydropower and drinking water shortages.
They are inﬂuenced by river ﬂows, reservoir management and direct abstractions. Outliers in daily lake
levels, shownmostly as sudden drops in the remote sensing derived data, were ﬁltered using a Tukey
smoothing (Tukey, 1977) with standard parameterization as provided by the R-package “smooth.” Data
were then aggregated to monthly values for the analysis (for Botswana and Zambia only).
Second, we sought qualitative insights through interviews with key informants about awareness, impacts
and responses to the event. Key informants were selected to provide coverage of actors including relevant
local and national government departments and nongovernmental organizations (NGOs) in each country
(Table 1). Qualitative data are valuable for capturing the depth and complexities of socioenvironmental
issues (Mason, 2006; Moran-Ellis et al., 2006; Vaccaro et al., 2010). The interviews were used to reveal the
role of management (including social and political inﬂuences) in the hydrological impact pathways.
Coding was undertaken in both an inductive and a deductive manner, with the coding scheme developed
ﬁrst based on the theory and ideas that were central to the research question and evolving iteratively in
response to the data. The coding scheme comprised ﬁve main categories that include hydrological and
management dimensions (impacts, responses, warnings and climate information, confounding and com-
pounding factors, and references to other extreme/El Niño events, see Table 2). Each of these ﬁve main
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Table 1.
Number and Organizations of Key Informants Interviewed Per Country
N Organizations
Gaborone, Botswana 13 Dept. of Meteorological Services Botswana (DMS); Dept. of Water Aﬀairs (DWA);
National Disaster Management Oﬃce (NDMO); Water Utilities Corporation
(WUC); Stephenson Associates, Econsult; Centre for Applied Research Botswana
(CAR); University of Botswana (UB); Dept. of Town and Regional Planning (DTRP)
Lusaka, Zambia 13 Zambia Red Cross Society; Dept. of Energy in the Ministry of Mines, Energy and
Water Development; Disaster Management and Mitigation Unit (DMMU);
Zambia Meteorological Dept. (ZMD).; Ministry of Lands, Natural Resources and
Environmental Protection (MLNREP); Zambia Water Resources Management
Authority (WARMA); Zambia Climate Change Network;
Nairobi, Kenya 14 Ministry of Water and Irrigation; National Environment Management Authority
(NEMA); KenGen; Kenya Meteorological Dept. (KMD).; National Disaster
Operations Centre (NDOC); IGAD Climate Prediction and Application Centre
(ICPAC); State Dept. of Special Programmes under the Ministry of Devolution
and Planning; Climate Change Directorate; Kenya Red Cross; National Drought
Management Authority (NDMA); Kenya Association of Manufacturers (KAM);
National Environment Management Authority (NEMA); Nairobi City Water and
Sewerage Company (NCWSC)
All countries 40
categories contained a range of subcodes designed to capture detail to support the analysis. The coding
sought to identify key points within each of the case studies and was used to triangulate and augment the
secondary/quantitative data (Bryman, 2006). The coding was done using NVivo software (Wong, 2008).
Finally, to complement this analysis we tracked Regional Internet Search Frequencies (RISF) (Carneiro &
Mylonakis, 2009; Choi & Varian, 2012) of the words “El Niño” in each of the three countries, to highlight
when “El Niño” caught the attention of the wider public. RISF provides a weekly index of the relative vol-
ume of Google Search queries in a particular geographic region compared to the total search volume. It has
been used for diﬀerent purposes, such as health surveillance (Carneiro &Mylonakis, 2009; Chae et al., 2015;
Ginsberg et al., 2009) and forecasting economic indicators (Choi & Varian, 2012; Wu & Brynjolfsson, 2014).
2.2. Data
The Oceanic Niño Index (ONI), a 3-month running mean of sea surface temperature anomalies in the Niño
3.4 region (5∘N–5∘S, 120–170∘W), has become the standard for identifying El Niño (warm) and La Niña
(cool) events in the tropical Paciﬁc. This region is strongly coupledwith the overlying atmosphere (Barnston
et al., 1997) and toglobal teleconnections (e.g., L’Heureuxet al., 2016). Events aredeﬁnedasﬁve consecutive
overlapping 3-month periods at, or above, the +0.5∘C anomaly for warm (El Niño) events and at, or below,
the−0.5∘C anomaly for cold (La Niña) events. An El Niño year is categorized as “Strong”when anomalies are
above +1∘C, or “Very Strong” when above +1.5∘. Data were downloaded from the Unites States National
Weather Service Climate Prediction Center (www.cpc.ncep.noaa.gov).
Recent precipitation data for indicator stations in each country were obtained directly from the national
meteorological oﬃce in the case of Kenya (Wilson airport station) or downloaded from the Climate Data
Online (CDO) portal (www.ncdc.noaa.gov/cdo-web/datasets) in the case of Botswana (Gaborone station)
and Zambia (Choma-Batoka station). Longer time series were generated usingmonthly station data (Harris
et al., 2014). For better spatial coverage, the “Climate Hazards Group InfraRed Precipitation with Station”
data (CHIRPS) were used. CHIRPS is a 30+ year quasi-global precipitation dataset, spanning 50∘S–50∘N,
available from 1981 to the near-present. CHIRPS incorporates 0.05∘ resolution satellite imagery of infrared
Cold Cloud Duration observations, with in situ station data to create gridded precipitation time series (Funk
et al., 2015).
River discharge data for the Zambezi, ﬂowing into Lake Kariba, were derived from the Zambezi Water
Resources Management system of the Zambezi River Commission (zamwis.zambezicommission.org) for
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Table 2.
Coding Scheme (in Gray Shading Codes Predominantly Used for This Paper)
Main category Subcode
Impacts Hazard or nature of disruption
Sector Impacts (agriculture, energy, health, manufacturing, mining,
service, tourism, water)
Spatial and temporal variations
Hydrological observations
Sociopolitical consequences
Economic consequences
Positive impacts and beneﬁciaries
Responses Sector adaptations (agriculture, energy, health, manufacturing,
mining, service, tourism, water)
Cultural and social adaptations
External support
Ex-ante responses (adaptation responses to warnings)
Ex-post responses
Successful adaptation
Opportunities and learning
Barriers
Warnings and climate information Climate and El Niño information generation
Sources of El Niño information
Timings and warnings
Accuracy of warnings
Accessibility and meaningfulness of warnings
Trust in warnings
Awareness and understanding of El Niño
Confounding and compounding factors Sociopolitical confounding factors
Economic confounding factors
Environmental confounding factors
Other events Other El Niño events and experiences
La Nina and future climate expectations
the Victoria Falls Big Tree station, which has a record of almost 50 years of daily ﬂows. After excluding years
with missing data a 45-year time series remained.
Lake level variations for many large lakes around the world are observed using satellite radar altimeters.
In Zambia, Kariba lake levels are routinely monitored as part of the G-REALM lake level project by the U.S.
Department of Agriculture’s Foreign Agricultural Service in cooperation with the National Aeronautics
and Space Administration, and the University of Maryland (Birkett et al., 2011). The Gaborone reservoir
in Botswana is not included in this dataset and hence reservoir levels were obtained from the Botswana
Department of Water Aﬀairs.
Data on perceptions of impacts and management responses were derived from interviews with key infor-
mants, relevant ministries and focal agencies, such as the national weather services. A total of 39 respon-
dents were consulted across the three case studies through interviews lasting between 45min and 2 h
(Botswana n= 13, Kenya n= 13, Zambia n= 14; Table 1). Each interview was captured through an audio
recording and/or written notes. Audio recordings were transcribed and the data were coded using the
scheme illustrated in Table 2.
RISF data on the El Niño event were obtained from the Google trend website (www.google.co.uk/trends),
using the search term “El Niño” for each of the three countries.
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Figure 1. Map of the study areas, with capital cities in red, countries in dark gray and the black polygons delineating the areas used for
the WASP precipitation analysis.
2.3. Case Study Areas
We focusedour analysis on the capital cities of Botswana, Kenya, andZambia. These three countries transect
SSA from north to south (Figure 1) and have all experienced severe, but varying, impacts during previous El
Niñoevents. Kenya experiencedwidespreadﬂooding leading todisruption and loss of life during the ElNiño
of 1997/1998. While in southern Africa, both Botswana and southern Zambia were aﬀected by large scale
drought during the El Niño in 1991/1992, and to a lesser extent in 2009/2010. We examined capital regions
where there is a high concentration of business activity (a complementary part of the research considered
howbusiness activitywas aﬀected by the El Niño event) and high exposure to extreme events. Rapid urban-
ization, as seen in Nairobi, often leads to high vulnerability to ﬂooding, through settlements encroaching
into riverine areas, slow expansion of sewage systems and expansion of impermeable surfaces leading to
increased and faster runoﬀ. The impact of drought onwater shortages is also often strongly felt in cities, due
to a high reliance on water provided by a small number of reservoirs. Following this trend, Gaborone reser-
voir supplies a large proportion Gaborone’s drinking water, while in Zambia, the Lake Kariba hydropower
station provides most of Lusaka’s electricity.
3. Results
3.1. Evolution of the 2015/2016 El Niño and Early Signals
From as early as March 2015, the Paciﬁc Ocean began to warm rapidly, with an El Niño declared in May,
as atmospheric indicators consolidated (Australian Bureau of Meteorology, 2016). Peaking relatively late in
November 2015 until January 2016, the ONI index reached values comparable to the strong El Niño events
of 1997/1998 and 1982/1983 (Australian Bureau of Meteorology, 2016; Parker et al., 2016), before declining
to near normal values by June 2016. Some previous strong El Niño events have been followed by strong La
Niña events (the cool phase of ENSO) and early forecasts hinted towards the same (International Research
Institute [IRI], 2016). However, the likelihood of a strong La Niña dissipated over the course of 2016 and
never occurred.
The preceding year, 2014/2015, sets this El Niño apart from other strong El Niño events. El Niño appeared
in El Niño indices early in 2014 (Parker et al., 2016), but in the summer of 2014 an intense easterly wind
burst stalled the ﬂow of warmwaters to the eastern Paciﬁc Ocean (Hu & Fedorov, 2016; Levine &McPhaden,
2016). Although forecast to be an El Niño year, it therefore never materialized and the Niño-3.4 region was
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Figure 2. Time series precipitation anomalies for three stations (Gaborone, Botswana; Choma-Batoka, Zambia/Zambezi; Nairobi, Kenya).
Previous strong to very strong El Niño events shown in black, moderate Niño events in dark gray, 2015/2016 El Niño is in red. Anomalies
are expressed relative to the long-termmean (full period July 1950/1951–2015/2016 June).
neither consistently, nor signiﬁcantly, warmer than the threshold set for El Niño until early 2015. Despite
this “near miss,” the ONI index remained considerably higher during the onset period of this 2015/2016 El
Niño (Parker et al., 2016).
3.2. Hydrological Response
3.2.1. Precipitation
The 2015/2016 El Niño showed characteristic precipitation anomalies in southern Africa, with Gaborone
and Choma-Batoka experiencing lower total precipitation over the July 2015–June 2016 period (Figure 2).
In Kenya, where wetter conditions are associated with El Niño, precipitation in Nairobi was near normal
during 2015/2016.
The relationship between El Niño and dry conditions is apparent in Chomo-Batoka but not in Gaborone.
At the onset of the 2015/2016 El Niño, Gaborone, and Botswana as a whole, was experiencing a multi-year
drought which started with the moderate El Niño of 2009, followed by seven consecutive years of below
average precipitation. The 2015/2016 El Niño year was comparatively mild compared to previous dry years
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in that sequence. This multi-year dry spell contributes to a long-term drying trend in Botswana of almost
4mm per year (p= 0.002; Student’s t-test of a simple linear regression). Choma-Batoka, meanwhile, shows
a strong association between below average precipitation years and El Niño events. In Zambia, situated
in the latitudinal centre of southern Africa, droughts often occur in the south of the country, while wetter
or normal conditions prevail in the north. Similar to Botswana, prior to El Niño southern Zambia was also
experiencing dry conditions, although these were less severe in length and magnitude. The exceptionally
dry conditions in Botswana and southern Zambia are further illustrated by the cumulative 2-year precipita-
tion, which includes the pre-El Niño year (Figures 3a and 4a). Cumulative precipitation is below the normal
range in the Zambian series but especially dry in Gaborone during the period July 2014–June 2016. These
anomalies are in contrast to previous strong to very strong El Niño’s which show a wide spread in precipi-
tation, similar in extent to non-El Niño years. In both cases antecedent precipitation before strong to very
strong El Niño years is not consistently wet or dry. No long-term trend is observed in Choma-Batoka.
In Nairobi, all moderate to very strong El Niño’s on record have been associated with wet conditions
(Figures 2 and 5a), except for the moderate El Niño of 1991/1992, which was the second driest year on
record, coinciding with widespread drought conditions to the south. The previous strong El Niño of
1997/1998 saw considerably higher total precipitation, with the 1957/1958 El Niño the most extreme in
terms of total precipitation. A long-term drying trend appears visible in the Nairobi precipitation data as
well, although is not quite statistically signiﬁcant (p-value= 0.058).
The spatial extent of precipitation anomalies (three-monthly WASP index), gives a better indication of
the catchment scale implications for surface runoﬀ and river discharge than the individual rain gauges
(Figures 3b and 4b). In the pre-El Niño year of 2014/2015, Botswana was intermittently dry during the wet
season; almost 40% of the country was recorded experiencing dry conditions in October and again in
February and March, but almost no areas experienced dry conditions in November, December 2014 and
January 2015. In the Upper Zambezi catchment, moderate to extremely dry conditions were experienced
during the whole rainy season of 2014/2015, peaking during February and March, which are important
months for runoﬀ generation given the catchment’s greater potential for saturation. The lack of dry
anomalies between June and September is not surprising as this is the dry season, thus even in normal
years rainfall is close to zero in both regions. Botswana and the Upper Zambezi showed again large areas
of dry conditions during the end of 2015, but from January 2016 the area experiencing these conditions
became smaller. In summary, both regions experienced extensive moderately to extremely dry conditions
in the latter part of 2014/2015 and early part of 2015/2016 rainy season; that is, the drought was most
widespread during the calendar year 2015.
In Kenya, only a fraction of the country experienced very wet to extremely wet conditions (WASP> 2) dur-
ing 2014–2016, with only localized impacts and patterns broadly similar to, or even drier than, non-El Niño
years (Figure 5b). Very small peaks occurred in June and November 2015. Analysis of daily precipitation in
Nairobi over the period September 2015–March 2016 revealed a maximum daily precipitation of 51.5mm
on 9 November 2015; an event with a return period of 1.5 years (based on data for 1950–2016). Moderately
wet areas (WASP> 1) during the 2015/2016 El Niño were mainly conﬁned to small pockets, for example,
around Nairobi and in the west of the country, with very wet conditions only in the far west of the coun-
try. During the 1997/1998 El Niño, a much higher maximum daily precipitation of 107.4mm was observed
on 14 January 1998, which has a return period of 15 years. Extreme precipitation during the 1997/1998 El
Niño was also clearly much more widespread and longer lasting, aﬀecting more than three-quarters of the
country (Figures 6a and 6b). Areas with extreme precipitation are not necessarily themost abnormal, as the
comparison between total precipitation andWASP for 1997/1998 shows;while in pockets of the central part
of the country recorded precipitation amounts of up to 3000mm, the highest WASP values where recorded
in the in the north-east, where precipitation was somewhat lower, but still much more than average and
outside the normal variation at those locations.
3.2.2. Runoﬀ
Dry conditions in large parts of the upstream catchment area of Lake Kariba during 2015 reduced peak
ﬂows in the Zambezi river just upstream of Lake Kariba in the pre-El Niño year (Figure 4c), leading to a total
discharge of approximately 776m3/s in 2015, a reduction of 34% compared to the average discharge of
1182m3/s. Lake Kariba has an upstream catchment area of 687,535 km2, draining parts of Angola, Namibia,
SIDERIUS ET AL. 8
Earth’s Future 10.1002/2017EF000680
Figure 3. Botswana hydrological impact pathway during 2014–2016. (a) Top cumulative monthly precipitation from July 2014,
Gaborone; (b) fraction of country aﬀected by moderately to extremely dry conditions (WASP<−1) and; (c) Gaborone reservoir level
compared to July in respective start year. Red line is the 2015/2016 El Niño. The monthly range for non-El Niño years is calculated as the
monthly mean± 𝜎.
Botswana, Zambia, and Zimbabwe, and inﬂows are largely inﬂuenced by precipitation in the upper parts
of the catchment (Balek, 1971). The Zambezi River is reported to contribute about 86% of the total inﬂows,
with the other 14%, or 200m3/s on average, ﬂowing from tributaries in Zimbabwe and Zambia directly into
the lake (World Bank, 2010). Flows stayed low until March of 2016, following the pattern of the 1997/1998 El
Niño. Low ﬂows equivalent to those recorded in 2015 are not exceptional, though, for the Zambezi; in 8 out
of the past 45-years less runoﬀ was recorded (Figure 7). In 40% of years, average annual ﬂows stayed below
1000m3/s, with sequences of 4 and 5 years of such low ﬂows occurring in the 1980s and 1990s. Since the
1997/1998 El Niño, ﬂows have generally been above average.
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Figure 4. Zambia hydrological impact pathway during 2014–2016. (a) Top cumulative monthly precipitation from July 2014,
Choma-Batoka; (b) fraction of the upstream catchment area of Lake Kariba aﬀected by moderately to extremely dry conditions
(WASP<−1); (c) monthly discharge of the Zambezi river measured at Victoria Falls Big Tree station, and; D. kariba reservoir level
compared to July in respective start year. Red line is the 2015/2016 El Niño. The monthly range for non-El Niño years is calculated as the
monthly mean± 𝜎.
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Figure 5. Kenya hydrological impact pathway during 2014–2016. (a) Top cumulative monthly precipitation from July 2014, Nairobi; (b)
fraction of country aﬀected by wet to extremely wet conditions (WASP> 2). Red line is the 2015/2016 El Niño. The monthly range for
non-El Niño years is calculated as the monthly mean± 𝜎.
Gaborone reservoir inﬂows are of a totally diﬀerent dimension. The eﬀective catchment area of Gaborone
reservoir covers about 4300 km2, a fraction of Lake Kariba’s. Annual rainfall over the catchment area aver-
ages close to 500mm.With an annual potential evaporation of around 2000mm, only about 10% of rainfall
leads to runoﬀ (Institute of Hydrology, 1980). As a result, rivers draining the catchment area are intermittent,
with the reservoir getting water mostly during a few heavy precipitation events in the rainy season. Runoﬀ
records for the streams which feed Gaborone reservoir in Botswana are patchy because of this strong sea-
sonality in precipitation and, thus, river ﬂows. In addition, peak ﬂowsmight bemissed as ﬂows aremeasured
manually. Data from the department of water shows that no ﬂows were recorded for the Taung River, one
of the major tributaries upstream of Gaborone reservoir, in 2015. On the 16th of March a ﬂash ﬂood led to
ﬂow of just 5m3/s, which resulted immediately in a rise in lake levels.
3.2.3. Lake Levels
Lake levels in both the Gaborone and Kariba reservoirs integrate the eﬀects of hydrometeorological
events and management decisions. Storage capacity adds a much stronger inﬂuence from previous years
than occurs in most unmanaged river systems. Lake levels dropped to historically low levels during this
2015/2016 El Niño event in both reservoirs (Figures 3c and 4d, respectively, and Figure 8). In the Gaborone
reservoir this was the continuation of a lowering trend since 2010. Levels recovered rapidly from February
2016 onwards, though from a very low base which provided some relief. This was in response to local
rainfall and fast reduction in the wider area experiencing dry conditions in January and March 2016. In
Kariba, previous years showed normal ﬂuctuations and it was only in 2015 that lake levels dropped due to
reduced inﬂows at the time they normally would rise. By the end of the El Niño, around February 2016,
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Figure 6. Comparison of seasonal precipitation totals (a, mm) and WASP spatial
pattern (b, −) for Kenya between 1997/1998 and 2015/2016, aggregated for the
months October–March. WASPs between −1 and 1 represent conditions close to
normal. WASP of more than two indicates extremely wet conditions.
Lake Kariba levels recovered a little,
most likely associated with the reduc-
tion in the extent of dryWASPupstream
and in line with the seasonal cycle.
The 2015/2016 El Niño extended, rather
than initiated, the adverse hydrologi-
cal conditions experienced in southern
Africa. Because of this ongoing drought
(Figure 2), even before the El Niño was
in full swing, Gaborone Reservoir levels
were 10m below the long term aver-
age water level (Figure 8). Disruption to
Gaborone’s water supply had intensi-
ﬁed since themid-2000s, with recurring
water restrictions enforcedby theWater
Utilities Corporation (WUC). Despite a
total storage of 141 MCM, low inﬂows
in combination with continuous high
abstractions of up to 28MCMayear and
high evaporation losses (up to an esti-
mated 22MCMper yearwhen the reser-
voir is full with a surface area of 15 km2)
reduced dam capacity to just 1.2%. In
June 2014, water abstractions dropped
permanently below 2 MCM per month,
reducing further to only 0.65 MCM in
March 2015. This followed, rather than
prevented, the drop in lake level. As shown in Figure 8, a similarly low level was last experienced after the
1981 El Niño, although that drop was less steep as abstractions were lower with Gaborone’s population
much smaller. The dam level was raised an extra 7m in 1984 to accommodate demand of an increasing
population. The 1997/1998 El Niño had a less severe impact on Gaborone Reservoir.
Unlike in the Gaborone Reservoir, the drop in Lake Kariba levels occurred as a single-year extreme event
(Figure 8). In January 2016 water levels were as low as 12% of capacity, just 1.75m above the minimum
operating level for hydropower. Through the Kariba North and the newly installed Kariba North Bank Exten-
sion, the Zambian electricity company (ZESCO) has recently increased the installed capacity of 1080MWon
Lake Kariba (Energy Regulation Board [ERB], 2015). Another 750MW provides electricity to Zimbabwe. If
operated at full capacity, given their design speciﬁcations, these turbines would require over 2300m3/s,
which is far more than the average inﬂow, let alone the low inﬂow during 2015 (see Figure 7, and Support-
ing Information S1 for calculations). Continuation of high outﬂows tomaintain hydropower production and
meet growing demand, despite low inﬂows as a result of poor precipitation, seems to have led to these low
lake levels. Another 300MWextension is currently being constructed on the Zimbabwe South Bank station,
which would require an additional discharge of approximately 400m3/s to operate at full potential, bring-
ing the total potential turbine discharge at 2700m3/s. Such a large discharge capacity makes it possible to
empty the live storage of a full Lake Kariba in a single year of drought and inﬂows as low as those in 2015
(Supporting Information S1).
3.2.4. Socioeconomic Impact
Key informants in Kenya described spatial patterns of precipitation broadly consistent with the WASP data.
Kenya experienced heavy precipitation and episodic ﬂooding during both its short (October–November)
and long rains (March–May), but only some areas, particularly in southern and central regions, were
severely impacted. Here, precipitation, and associated landslides caused disruption with infrastructure,
buildings, crops and livestock destroyed and people displaced. Businesses and schools were forced to
close. The most severe impacts, however, were typically felt in areas with existing vulnerabilities, such as
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Figure 7. Daily Zambezi discharge (Source: Zambezi River Commission—zamwis.zambezicommission.org), with estimated total design
turbine ﬂow capacity at Kariba dam in slate gray (see Supporting Information S1 for calculations). The historic strong to very strong El
Niño periods are highlighted in gray and the 2015 El Niño in red.
Figure 8. Lake level deviations from the long-termmean for Gaborone reservoir and Lake Kariba, with historic strong to very strong El
Niño periods highlighted in gray and the 2015 El Niño in red. The Gaborone dam was raised by 7m in 1984.
in low-lying and riparian areas, or in urban areas with poorly equipped drainage systems. Some areas of
Nairobi were exposed to particularly notable disruption. In December 2015, the International Red Cross
reported 113 people killed and 103,000 displaced; similar numbers as during previous recent El Niño’s,
according to a database of news reports on ﬂoods (Dartmouth Flood Observatory, 2016), and with more
rains to come. Yet key informants described the extent of disruption as “incomparable” to that experienced
during the 1997/1998 El Niño. “In 1997 everybody was a victim” a Kenya Meteorological Department key
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informant explained. Whereas key informants argued that ﬂooding was generally much less severe and
widespread during this El Niño, suggesting some areas and sectors even beneﬁtted from the additional
water availability. “It had just isolated impacts in particular zones,” an informant from the National Drought
Management Authority described.
In Botswana, key informants characterized this El Niño through record high temperatures andwater supply
disruption, though agriculture was widely aﬀected as well. Gaborone had experienced water usage restric-
tions since 2013; however the scale of supply disruption was novel. Despite water rationing, demand in
the Greater Gaborone Area surpassed supply by 18.2 million liters a day in December 2015 (WUC, 2015).
When the rains were delayed again by the onset of El Niño conditions, water supply disruption, includ-
ing decreased water pressure and complete cut-oﬀ of supply, resulted. Occurring most intensely between
August andDecember 2015 (Figure 9), some of theworst aﬀected areas of Gaborone lacked a reliablewater
supply for several weeks at a time. By September 2015, unreliable water supply had moved to ﬁrst position
in the challenges that businesses reported in the bi-annual Bank of Botswana Business Expectations Sur-
vey (Bank of Botswana, 2015); overtaking concerns regarding the availability of skilled labor and domestic
demand.
Similar patternswere seen in hydropower disruption in Zambia. Hydropower accounts for>94%of national
installed electricity generation capacity, yet in 2015 the Zambian Energy Regulation Board reported a 7%
decline in electricity generation from 2014 levels (ERB, 2015). Low water levels left hydropower plants
unable to produce enough power and the resulting power deﬁcit, calculated at 985 Megawatts in October
2015 (PwC, 2015), was perceived at its worst between August 2015 and January 2016. At this time, despite
steps to purchase expensive conventional energy from neighboring countries, load shedding of 8 h a day
was common in Lusaka. “The scale of load-shedding in the year 2015 was unprecedented,” the Times
of Zambia described (Kabaila, 2015). In 2015 the electricity-supply deﬁcit was estimated at 40–50% of
baseload and, alongside a fall in global copper prices and low agricultural output, real economic growth in
Zambia dropped to its lowest rate in more than 15 years (Rasmussen et al., 2016).
Load shedding in Zambia and water supply disruption in Botswana largely occurred in the capital cities of
Lusaka and Gaborone, where populations are connected to the electricity and water supply networks. To
balance the network, load shedding was concentrated in areas of high demand. In both capitals resource
supply was also strategically prioritized, with networks surrounding industrial hubs and key services typ-
ically oﬀered greater protection. This resource disruption nevertheless caused major challenges to eco-
nomic activity. Unless able to source alternative supplies, businesses requiring water or electricity found
activities such as manufacturing, processing and refrigeration disrupted. Hospitality businesses such as
hotels, restaurants and retail outlets struggled to prepare food, launder clothes and provide customers
with ﬂushing toilets. These challenges were exacerbated in both countries by unreliable scheduling of sup-
ply disruption. Loss of business assets, reduced productivity, price ﬂuctuations and lay-oﬀs were common
consequences of the loss of supply (see Supporting Information S2).
3.3. Management Response
3.3.1. Preparedness
The unprecedented nature of load shedding and the scale of water supply disruption proved an additional
challenge in Zambia and Botswana. Steps taken by the Zambian and Botswana government to prepare
for El Niño generally targeted agricultural drought, as had been experienced in previous El Niño events.
Agricultural extension activities proposed cropping regimes and supplied additional seeds in Zambia. The
government of Botswanaprovideddraughtpower, fencing, subsidized stock feed, and canceled loans. How-
ever, disruption to electricity and water supply became a problem during this El Niño, at a scale that it had
not previously. Rapid development, urbanization and expansion of industry, as well as extension of water
and electricity grid networks, in both countries, has increased demand for water and energy at unprece-
dented rates. Notably similar low levels in Lake Kariba in 1995 (see Figure 8) did not induce comparable load
shedding and traditionally Zambia has had an electricity surplus (Hillig et al., 2016), even selling power to
neighboring nations through the Southern African Power Pool (SAPP). As a result, and as described by a rep-
resentative of the Ministry of Energy and Water Development, “nobody was sitting under the expectation
that we are going to have a sudden gap in energy… This country had never prepared for that.” Reﬂecting
this dynamic, there was little acknowledgement of load shedding in the Zambia Vulnerability Assessment
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Figure 9. Appearance of El Niño in Google Internet Search Frequencies (scaled as a percentage to the maximum, in red) and perception
of El Niño’s impact among Small and Medium Enterprises (See Supporting Information S2 for data source and processing, covering the
period August 2015–July 2016 only, in gray).
Committee In-Depth Vulnerability and Needs Assessment Report published in June 2015, despite its stated
intention “to understand the impact of these prolonged dry spells on selected sectors of the economy”
(Zambia Vulnerability Assessment Committee, 2015).
In contrast to Zambia and Botswana, Kenya was generally better prepared to deal with the impacts of El
Niño. The legacy of the 1997/1998 event has allowed El Niño to penetrate social discourse in Kenya in a way
not seen in Zambia or Botswana. This legacy persists in institutional memory and awareness of ﬂood risk is
consequently high. Kenyan key informants perceived a corresponding high level of national preparedness
for El Niño among the government, the private sector, communities, and even individuals, who were said
to have “learnt from” the 1997/1998 El Niño. In justifying this position, they described the establishment
of institutions such as the National Disaster Operations Centre following the 1997/1998 El Niño, as well as
mobilized resources and a coordinated El Niño response. Advances in the monitoring and communication
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of El Niño riskswere cited, aswere activities such as the allocation of designated contingency funds, sewage
drain clearing, improved seed selection and animal vaccination initiatives. Indeed, key informants described
Kenya as almost “over-prepared” given the eventual scale of disruption.
3.3.2. Timeliness of Forecast
National seasonal forecasts emerging from August meetings of Greater Horn of Africa and the Southern
African Regional Climate Outlook Forums, conﬁrmed the development of a persistent strong El Niño for the
ﬁrst time in late-August/early-September 2015. The majority of key informants reported that awareness of
the El Niño climate conditions spread with the release of national seasonal forecasts around August, cor-
responding with the start of the spikes in RISF (Figure 9). Continued interest in El Niño in Botswana and
Zambia, as expressed by the RISF, matches the impact SME managers identiﬁed (see Supporting Informa-
tion S2), with energy disruption dissipating slower than water supply shortages over the course of 2016.
The consecutive rise in El Niño RISF in Botswana from June 2016 onwards might have been the result of
discussions on the development of a possible subsequent La Niña, although RISF data for Botswana have
to be interpretedwith care as internet usage is relatively low and the discourse surrounding the impact was
framedmore in terms of “drought,” rather than El Niño. In Kenya, a peak in RISF captures the initial seasonal
forecast moment, followed by a sharp reduction in interest as impacts failed to materialize. The incidence
of heavy precipitation in April and May in the Nairobi area during the long rains did not lead to increased
internet searches (Figure 9).
Key informants disagreed on the helpfulness of the time frame for communicating El Niño forecasts. While
the challenges of adaptation in the face of limited advance warning were often highlighted in interviews,
meteorological departments described this scheduling as an attempt to balance forecast timeliness with
accuracy. Meteorological departments, it emerged, are reluctant to share El Niño climate information at
earlier stages in forecast development, for fear of the consequences of being perceived to have delivered a
“wrong” forecast. A key informant from the Kenya Meteorological Department explained that the depart-
ment had experienced legal threats as a result of forecasts, commenting that; “users expect 100% accuracy”
and that “[this year] people complained that there was no El Niño, because they did not experience heavy
rains like last time.” A respondent from the Kenya National DroughtManagement Authority expressed simi-
lar concerns, stating they regretted involvement in disseminating the seasonal forecast. For a future El Niño
“we would only facilitate the meteorology people to disseminate the information… it’s like we carried the
cross… our team was disseminating the information but then, when it happened that it did not rain, they
were coming back to us saying that now you need to give us relief because you gave us the wrong informa-
tion.” Concerns regarding forecast accuracy were further warranted by key informants who also suggested
that because the 2015/2016 El Niño did not materialize as expected, Kenyans might be less likely to take a
future forecast so seriously. Respondents also described political barriers to earlier dissemination of fore-
casts. For example in Zambia the upcoming election was perceived as a barrier to the timely release of
the drought forecast. In this case, key informants emphasized the role of personal contacts, including from
within meteorology departments, in obtaining early insight. This allowed them to take timely action on a
personal level before the oﬃcial forecast was released.
3.3.3. Aftermath
Key informants in Botswana and Zambia identiﬁed the 2015/2016 El Niño event as an important learning
moment; a “wake-up call” for building resilience to future drought and an impetus to act. In particular,
it highlighted impacts that had not been foreseen and prepared for. Some felt that the conditions were
unprecedented and therefore exceeded the bounds considered in planning previously. However, many
interviewees highlighted these issues with planning but felt that El Niño was not the entire problem, rather
generally poor planning and management practices were to blame either entirely, or in conjunction with
El Niño. Forward planning and better management were seen as an important focus for resilience build-
ing in both countries, as was insurance and diversiﬁcation of national income sources. El Niño was seen
as helpful in exposing the weaknesses in the system and increasing political will to address the problems.
Referring mostly to structural adaptation to rapidly changing socioeconomic boundary conditions, inter-
viewees notably called for infrastructure development to keep up with population/demographic change.
In Zambia, expanding installed hydropower capacity through new reservoirs, and diversifying the national
energy mix was regarded as essential.
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The international dimension of water supply to Gaborone, project planning horizons falling outside of elec-
toral cycles and ﬁnancial restrictions, were factors identiﬁed to have delayed water infrastructure develop-
ments in Botswana, like the extension of the North-South carrier. The impact of a high number of small
dams used for agriculture and domestic water use in the Gaborone catchment, and whether these could
be managed better, was another issue raised by various respondents—an issue that has been picked up
by the national press (e.g., Bosaletswe, 2014) and by international research groups (Helmschrot et al., 2014)
as well. Interestingly, however, the number of dams seems not to have changed in 20 years (a number of
200 is often mentioned), when Meigh (1995) showed that the small dams signiﬁcantly reduce inﬂows into
Gaborone reservoir. It seems unknownwhether this eﬀect has changed over the past years or if, and how, a
diﬀerentmanagement approach couldhelpdealwith the kindofmulti-year drought that hit the catchment.
Maintaining and upgrading infrastructure which brings water down from the north of the country, through
interbasinwater transfers, was seen as amore promisingmeasure. If plans go ahead this north-south carrier
will extend up to the Zambezi River in the north of the country, greatly diversifying the country’s drinking
water supply.
4. Discussion and Conclusions
This study provides three examples of the hydrological response and complex impact pathways in east-
ern and southern Africa of the 2015/2016 El Niño and preceding years. In eastern Africa, the expected
high-intensity precipitation and resultant ﬂoods were highly localized and of short duration, closer to nor-
mal rather than extreme conditions. Hydrological impacts in southern Africa during the pre-El Niño year
(considered a near miss in ENSO terms), were more severe than during the actual El Niño. The extreme
eﬀects of drought on drinking water availability and energy production materialized in the second half
of 2015 and persisted until the ﬁrst half of 2016, after which rains alleviated the most immediate prob-
lems. From a hydrological impact perspective, this El Niño could be considered a 2-year event. However, to
understand the impact pathways on drinking water and energy supply, an even longer window of analysis
is needed. This captures the ongoing water supply disruption in Gaborone and load-shedding in Lusaka,
associated with rising demand and aging infrastructure. Infrastructure development and maintenance are
clearly important social and environmental boundary conditions that shape El Niño responses and impact
pathways.
Preparedness for 2015/2016’s El Niñowas strongly shaped by previous experiences. Zambia’s Disaster Man-
agement and Mitigation Unit was focused on preparation and response to agricultural drought. As such,
the severity of the impacts on reservoir levels, and thus on energy supply, had not been anticipated which
reduced the opportunity to mitigate the frequent and prolonged periods of load shedding. Runoﬀ, how-
ever, was not unusually low, which suggests that the impacts of El Niño on the energy sector in Zambia
were compounded by a diminishing capacity tomeet increasing demand over the decades. The 2015/2016
El Niño simply exacerbated—and exposed—the gap.
While Zambia was caught unaware, Kenya was well-aware. Here, the relatively high displacement numbers
and casualties despite modest hydrological impacts, raise questions about whether exposure has signiﬁ-
cantly increased, agencies overreacted, or whether heightened awareness of the El Niño, based on previous
experiences, led to unintentional over reporting. The experience of moderate impacts of the 2015/2016
event may challenge eﬀective preparation for the next El Niño.
Complex impact pathways require diverse management responses. Table 3 summarizes factors that shape
this complexity as described in this paper. The Kenya case study shows that although forecasts seek to
reduce uncertainty, considerable uncertainty inevitably remains. Here, the management response consists
mainly of preparedness and coping with the impact once it materializes. The onset of the impact is almost
immediate, with little buﬀer between heavy rainfall and onset of ﬂooding. This makes communicating the
uncertainty in forecasts andmanaging expectations critically important. Greater focus on forecasting skill at
diﬀerent lead times (i.e., the linking of seasonal and shorter forecast timescales), and tailoring of forecasts to
speciﬁc users through a process of social learning, is essential to make eﬀective use of climate information.
In Zambia there is more time to adjust, as the large catchment area produces a more diverse and slower
hydrological response, while the reservoir provides themeans to buﬀer and tomanage outﬂows. But while
hydropower turbine capacity has gradually increased in response to increased demand, storage has not,
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Table 3.
Factors of Complex Impact Pathways and Management Response
Type of
impact
Hydrological
response
Hydrological
buﬀer
Antecedent
conditions
requireda
Impact
onset Management response
Kenya Flooding Fast Small No Immediate Coping, general
preparedness
Zambia Energy
shortage
Slow Medium No Medium Adaptive management of
reservoir volume before and
during event, diversiﬁcation
of energy sources, regional
integration of energy supply
Botswana Drinking
water
shortage
Medium Medium Yes Slow Diversiﬁcation of water
supply, limited scope for
(adaptive) water demand
management during event
aFor the impact to become severe within the duration of one El Nino year.
thereby gradually increasing Zambia’s vulnerability to drought. An estimate of the new storage-turbine
relationships shows there is now enough turbine capacity to empty the live storage of a full Kariba reser-
voir within 1 year of low ﬂows. The impact of this El Niño event therefore raises questions about whether
Zambia can cope with a sequence of low ﬂow years under current operational rules. With Zambia and Zim-
babwe both depending on Lake Kariba to generate hydropower (which accounts for a high proportion of
their overall energy), clear adaptive operating rules and strong joint river basin management is needed to
prevent another depletion of the reservoir (encouragingly, moves are afoot to bring together energy reg-
ulators in the Zambezi basin, in part to address such challenges). Diversiﬁcation of sources of electricity is
a way forward, as well as an integration across areas of shared climate variability, with the Southern Africa
Power Pool approach to integrating energy networks, and even broader integration across regional power
pools, important opportunities (Africa Progress Panel, 2017).
In Botswana, the small size of the catchment leads to amore uniformhydrological response to reduced rain-
fall, with extreme drought conditions building up quickly. The onset of the impact—a lack of piped water
supply and drinking water—is, however, still rather slow with antecedent conditions being important. As
historic lake level ﬂuctuations and basic storage and demand estimates show, it took about 3 years without
signiﬁcant rainfall to fully empty the Gaborone reservoir, which oﬀered some opportunity to inform peo-
ple and gradually adjust demand. What complicates water management, though, is the unpredictability of
the relief in gradually worsening conditions. The Gaborone catchment is a semi-dry system by default and
dependent, even in the best of years, on a few sudden ﬂash ﬂoods to ﬁll the reservoirs. Whether a more
anticipatory response through reducing demand earlier, in anticipation of shortage, would have mitigated
the eventual shortage is questionable, as part of the savings would have been lost to lake evaporation.
Operating reservoir levels as low as possible, depending on assurance of supply levels, has been advised in
neighboring catchments with similar exceptionally high net evaporation (Swart et al., 2007). Diversiﬁcation
of water supply, by conjunctive use of ground- and surface water and beyond the narrow boundaries of
the small catchment ﬁlling Gaborone reservoir and the dry southern part of Botswana is currently being
explored by the government. This would provide additional water supply as well as reduce the need to
assure near 100% reliability from Gaborone reservoir, making it possible to introduce greater ﬂexibility into
reservoir operations.
Regional accuracy and timeliness of El Niño forecasts and seasonal forecasts of teleconnection anomalies
remain major concerns for resource managers and those involved in translating and packaging climate
information for speciﬁc sectors andusers. This study supports theneed for regionalmetrics of El Niño eﬀects
(Jacox et al., 2016) andbetter understandingof thediﬀerencesbetweenElNiños (see, e.g., Ashoket al., 2007;
Jadhav et al., 2015; Preethi et al., 2015; Ratnam et al., 2014), including what theymean for the development
of more nuanced forecasts and guidance. While considered one of the three most severe ENSO events of
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the past 60 years, the 2015/2016 event teleconnections and impact ranged from severe (Botswana, Zam-
bia) to very modest (in Kenya), a spatial pattern exactly the opposite of the previous very strong El Niño of
1997/1998. This interevent diﬀerence increases the time between El Niño events with “expected” impacts,
generating confusion about early warnings, reducing social memory, and thereby challenging prepared-
ness eﬀorts and eﬀective response. The 2015/2016 El Niño also showed that intra-event timing of impacts
is still poorly captured in early warnings. In Kenya, short rains were delayed, with expected heavy rain only
to arrive when preparedness was already waning. This will require attention from agencies such as the
Global Framework on Climate Services to help broker improved links between meteorological agencies
and intermediary organizations with knowledge brokering roles such as the Red Cross Climate Centre and
the Regional Climate Outlook Forums.
The complexity and changing nature of the impact pathways requires adaptive management which incor-
porates review and adjustment of responses, withmore emphasis on planning and contingency than is cur-
rently the case. New infrastructure needs to account for both rapidly changing demographics and a poten-
tially broader range of variability in light of climate change. The eﬀect of climate change on El Niño is still
under debate with ENSO variability potentially intensifying, weakening, or even undergoing little change,
depending on the balance of changes in the underlying processes (Collins et al., 2010). Better understand-
ing of the hydrological impact pathways and ways to respond to extremes such as those caused by El Niño
can support a learning process that facilitates better adaptation to future climate change.
References
Africa Progress Panel (2017). Lights, Power, Action: Electrifying Africa. Geneva: Africa’s Progress Panel.
Amarasekera, K. N., Lee, R. F., Williams, E. R., & Eltahir, E. A. (1997). ENSO and the natural variability in the ﬂow of tropical rivers. Journal of
Hydrology, 200(1–4), 24–39. https://doi.org/10.1016/S0022-1694(96)03340-9
Archer, E. R. M., Landman, W. A., Tadross, M. A., Malherbe, J., Weepener, H., Maluleke, P., & Marumbwa, F. M. (2017). Understanding the
evolution of the 2014–2016 summer rainfall seasons in southern Africa: Key lessons. Climate Risk Management, 16, 22–28. https://doi
.org/10.1016/j.crm.2017.03.006
Ashok, K., Behera, S. K., Rao, S. A., Weng, H., & Yamagata, T. (2007). El Niño Modoki and its possible teleconnection. Journal of Geophysical
Research: Oceans, 112(C11). https://doi.org/10.1029/2006JC003798
Australian Bureau of Meteorology (2016). Annual climate statement 2015.
Balek, J. (1971).Water Balance of the Zambesi Basin. Zambia: National Council for Scientiﬁc Research.
Bank of Botswana (2015). Business Expectations Survey September 2015—Summary Review. Bank of Botswana. Retrieved from http://www
.bankofbotswana.bw/index.php/content/2009110615047-business-expectations-survey
Barnston, A. G., Chelliah, M., & Goldenberg, S. B. (1997). Documentation of a highly ENSO-related SST region in the equatorial Paciﬁc.
Atmosphere—Ocean, 35(3), 367–383.
Baudoin, M.-A., Vogel, C., Nortje, K., & Naik, M. (2017). Living with drought in South Africa: Lessons learnt from the recent El Niño drought
period. International Journal of Disaster Risk Reduction, 23, 128–137. https://doi.org/10.1016/j.ijdrr.2017.05.005
Behera, S., Salvekar, P., & Yamagata, T. (2000). Simulation of interannual SST variability in the tropical Indian Ocean. Journal of Climate,
13(19), 3487–3499. https://doi.org/10.1175/1520-0442(2000)013<3487:soisvi>2.0.co;2
Behera, S., & Yamagata, T. (2001). Subtropical SST dipole events in the southern Indian Ocean. Geophysical Research Letters, 28(2),
327–330. https://doi.org/10.1029/2000GL011451
Bennie, A. T. P., & Hensley, M. (2001). Maximizing precipitation utilization in dryland agriculture in South Africa—A review. Journal of
Hydrology, 241(1–2), 124–139. https://doi.org/10.1016/S0022-1694(00)00377-2
Bhattacharya-Mis, N., & Lamond J. (2011). A review of the ﬂood risk situation in African growing economies.
Birkett, C., Reynolds, C., Beckley, B., & Doorn, B. (2011). From research to operations: The USDA global reservoir and lake monitor. In
Coastal Altimetry (pp. 19–50). Berlin, Heidelberg: Springer.
Blunden, J., & Arndt, D. S. (2016). State of the climate in 2015. Bulletin of the AmericanMeteorological Society, 97(8), Si–S275. https://doi
.org/10.1175/2016BAMSStateoftheClimate.1
Bosaletswe, C. (2014). The Rich BlockingWater Flow in Gaborone Dam. Gaborone: Sunday Standard.
Bryman, A. (2006). Integrating quantitative and qualitative research: How is it done? Qualitative Research, 6(1), 97–113. https://doi.org/10
.1177/1468794106058877
Carneiro, H. A., & Mylonakis, E. (2009). Google trends: A web-based tool for real-time surveillance of disease outbreaks. Clinical Infectious
Diseases, 49(10), 1557–1564. https://doi.org/10.1086/630200
Chae, D. H., Clouston, S., Hatzenbuehler, M. L., Kramer, M. R., Cooper, H. L. F., Wilson, S. M., Stephens-Davidowitz, S. I., Gold, R. S., & Link, B.
G. (2015). Association between an internet-based measure of area racism and black mortality. PLoS ONE, 10(4), e0122963. https://doi
.org/10.1371/journal.pone.0122963
Choi, H., & Varian, H. A. L. (2012). Predicting the present with Google trends. Economic Record, 88, 2–9. https://doi.org/10.1111/j.1475-
4932.2012.00809.x
Cohen, J. (2016). Weather forecasting: El Nino dons winter disguise as La Nina. Nature, 533(7602), 179. https://doi.org/10.1038/533179b
Collins, M., An, S. I., Cai, W., Ganachaud, A., Guilyardi, E., Jin, F. F., … Wittenberg, A. (2010). The impact of global warming on the tropical
Paciﬁc Ocean and El Nino. Nature Geoscience, 3(6), 391–397. https://doi.org/10.1038/ngeo868
Conway, D. (2002). Extreme rainfall events and lake level changes in East Africa: Recent events and historical precedents. In The East
African Great Lakes: Limnology, Palaeolimnology and Biodiversity (pp. 63–92). Netherlands: Springer.
Conway, D., Hanson, C., Doherty, R., & Persechino, A. (2007). GCM simulations of the Indian Ocean dipole inﬂuence on east African rainfall:
Present and future. Geophysical Research Letters, 34(3). https://doi.org/10.1029/2006GL027597
Acknowledgments
This work was carried out with ﬁnancial
support from the UK Natural Envi-
ronment Research Council (NERC),
Grant ref. NE/P004784/1 and Grant
ref. NE/M020398/1 and the UK Govern-
ment’s Department for International
Development (DfID). The data used
are listed in the references, graphs
and tables and are deposited at the
UK Natural Environment Research
Council Data Repository if not publicly
available. We would like to thank the
interview respondents for their time
and valuable insights, and the research
assistants, Jessica Omukuti, Sinah
Kgosietsile, and Mubita Nyambe, for
their help in conducting the interviews.
SIDERIUS ET AL. 19
Earth’s Future 10.1002/2017EF000680
Conway, D., Van Garderen, E., Deryng, D., Dorling, S., Krueger, T., Landman, W., Lankford, B., Lebek, K., Osborn, T., & Ringler, C. (2015).
Climate and southern Africa’s water-energy-food nexus. Nature Climate Change, 5(9), 837–846. https://doi.org/10.1038/nclimate2735
Creswell, J. W., & Clark V. L. P. (2007). Designing and conductingmixedmethods research.
Dartmouth Flood Observatory (2016). In G. Brakenridge (Ed.), Global Active Archive of Large Flood Events. Boulder, CO: University of
Colorado.
Eberhard, A., & Shkaratan, M. (2012). Powering Africa: Meeting the ﬁnancing and reform challenges. Energy Policy, 42, 9–18. https://doi
.org/10.1016/j.enpol.2011.10.033
Energy Regulation Board (2015). Energy Sector Report. Retrieved from http://www.erb.org.zm/reports/ESR2015.pdf
Funk, C., Peterson, P., Landsfeld, M., Pedreros, D., Verdin, J., Shukla, S., … Michaelsen, J. (2015). The climate hazards infrared precipitation
with stations—A new environmental record for monitoring extremes. Scientiﬁc Data, 2, 150,066. https://doi.org/10.1038/sdata.2015
.66
Geginat, C., & Ramalho, R. (2015). Electricity Connections and Firm Performance in 183 Countries. Washington, DC: World Bank. https://doi
.org/10.1596/1813-9450-7460
Ginsberg, J., Mohebbi, M. H., Patel, R. S., Brammer, L., Smolinski, M. S., & Brilliant, L. (2009). Detecting inﬂuenza epidemics using search
engine query data. Nature, 457(7232), 1012–1014.
Glantz, M. H. (2001). Currents of Change: Impacts of El Niño and La Niña on Climate and Society. New York: Cambridge University Press.
Harris, I., Jones, P., Osborn, T., & Lister, D. (2014). Updated high-resolution grids of monthly climatic observations—The CRU TS3. 10
dataset. International Journal of Climatology, 34(3), 623–642. https://doi.org/10.1002/joc.3711
Helmschrot, J., Kenabatho, P., Parida, B., Kralisch, S., & Fleischer, M. (2014). Quantifying the eﬀects of upstream farm dams on inﬂows into
the Gaborone dam in Botswana: An integrated approach. Paper presented at AGU Fall Meeting Abstracts.
Hillig, T., Cossen, T., & Waitz, F. (2016). Zambia: The Power Crisis and Its Consequences for solar energy in the ZambianMining Sector. Berlin:
Federal Ministry for Economic Aﬀairs and Energy (BMWi).
Hu, S., & Fedorov, A. V. (2016). Exceptionally strong easterly wind burst stalling el Niño of 2014. Proceedings of the National Academy of
Sciences of the United States of Amercia, 113(8), 2005–2010. https://doi.org/10.1073/pnas.1514182113
Hu, S., Fedorov, A. V., Lengaigne, M., & Guilyardi, E. (2014). The impact of westerly wind bursts on the diversity and predictability of El Niño
events: An ocean energetics perspective. Geophysical Research Letters, 41(13), 4654–4663. https://doi.org/10.1002/2014GL059573
Institute of Hydrology (1980). Gaborone Dam Raising—Hydrological Analysis. Wallingford, England: Institute of hydrology.
International Research Institute (2016). IRI ENSO Forecast—2016May Quick Look. Palisades, NY: International Research Institute for
Climate and Society.
Jacox, M. G., Hazen, E. L., Zaba, K. D., Rudnick, D. L., Edwards, C. A., Moore, A. M., & Bograd, S. J. (2016). Impacts of the 2015–2016 El Niño
on the California current system: Early assessment and comparison to past events. Geophysical Research Letters, 43(13), 7072–7080.
https://doi.org/10.1002/2016GL069716
Jadhav, J., Panickal, S., Marathe, S., & Ashok, K. (2015). On the possible cause of distinct El Niño types in the recent decades. Scientiﬁc
Reports, 5, 17,009. https://doi.org/10.1038/srep17009
Kabaila, M. (2015). Zambia: Lessons learnt from load-shedding. The Times of Zambia. Retrieved from http://allafrica.com/stories/
201512310098.html
Kaseke, N., & Hosking, S. G. (2013). Sub-Saharan Africa electricity supply inadequacy: Implications. Eastern Africa Social Science Research
Review, 29(2), 113–132. https://doi.org/10.1353/eas.2013.0009
L’Heureux, M. L., Takahashi, K., Watkins, A. B., Barnston, A. G., Becker, E. J., di Liberto, T. E., … Wittenberg, A. T. (2016). Observing and
predicting the 2015–16 El Niño. Bulletin of the AmericanMeteorological Society, 98, 1363–1382. https://doi.org/10.1175/bams-d-16-
0009.1
Levine, A. F. Z., & McPhaden, M. J. (2016). How the July 2014 easterly wind burst gave the 2015–2016 El Niño a head start. Geophysical
Research Letters, 43(12), 6503–6510. https://doi.org/10.1002/2016GL069204.
Lyon, B., & Barnston, A. G. (2005). ENSO and the spatial extent of interannual precipitation extremes in tropical land areas. Journal of
Climate, 18(23), 5095–5109. https://doi.org/10.1175/jcli3598.1
Mason, J. (2006). Mixing methods in a qualitatively driven way. Qualitative Research, 6(1), 9–25. https://doi.org/10.1177/
1468794106058866
McPhaden, M. (1999). Genesis and evolution of the 1997–98 El Niño. Science, 283(5404), 950–954. https://doi.org/10.1126/science.283
.5404.950.
McPhaden, M. (2015). Playing hide and seek with El Nino. Nature Climate Change, 5(9), 791–795. https://doi.org/10.1038/nclimate2775.
McPhaden, M., Timmermann, A., Widlansky, M. J., Balmaseda, M. A., & Stockdale, T. N. (2015). The curious case of the EL Niño that never
happened: A perspective from 40 years of progress in climate research and forecasting. Bulletin of the AmericanMeteorological Society,
96(10), 1647–1665. https://doi.org/10.1175/bams-d-14-00089.1
Meigh, J. (1995). The impact of small farm reservoirs on urban water supplies in Botswana. Paper presented at Natural Resources Forum,
Wiley Online Library.
Moran-Ellis, J., Alexander, V. D., Cronin, A., Dickinson, M., Fielding, J., Sleney, J., & Thomas, H. (2006). Triangulation and integration:
Processes, claims and implications. Qualitative Research, 6(1), 45–59. https://doi.org/10.1177/1468794106058870
Nicholson, S. E., & Kim, J. (1997). The relationship of the El Niño–southern oscillation to African rainfall. International Journal of
Climatology, 17(2), 117–135. https://doi.org/10.1002/(SICI)1097-0088(199702)17:2<117::AID-JOC84>3.0.CO;2-O
Nicholson, S. E., & Selato, J. (2000). The inﬂuence of La Nina on African rainfall. International Journal of Climatology, 20(14), 1761–1776.
https://doi.org/10.1002/1097-0088(20001130)20:14<1761::AID-JOC580>3.0.CO;2-W
Parhi, P., Giannini, A., Gentine, P., & Lall, U. (2016). Resolving contrasting regional rainfall responses to El Niño over tropical Africa. Journal
of Climate, 29(4), 1461–1476. https://doi.org/10.1175/jcli-d-15-0071.1
Parker, D. E., Willett, K. M., Allan, R., Schreck, C., & Arndt, D. S. (2016). The 2015/16 El Nino compared with other recent events [in “state of
the climate in 2015”]. Bulletin of the AmericanMeteorological Society, 97(8), S5–S6.
Preethi, B., Sabin, T. P., Adedoyin, J. A., & Ashok, K. (2015). Impacts of the ENSOModoki and other tropical indo-Paciﬁc climate-drivers on
African rainfall. Scientiﬁc Reports, 5, 16,653. https://doi.org/10.1038/srep16653
PwC (2015).Weathering the Storm: Zambia’s 2016 National Budget. Retrieved from http://www.pwc.com/zm/en/assets/pdf/zambia-2016-
budget-bulletin.pdf
Rasmussen, P. E., Zamba, C., & Chirwa, E. (2016). Zambia 2016: African Economic Outlook.
Ratnam, J. V., Behera, S. K., Masumoto, Y., & Yamagata, T. (2014). Remote eﬀects of El Niño and Modoki events on the austral summer
precipitation of southern Africa. Journal of Climate, 27(10), 3802–3815. https://doi.org/10.1175/jcli-d-13-00431.1
SIDERIUS ET AL. 20
Earth’s Future 10.1002/2017EF000680
Reason, C. J. C. (2001). Subtropical Indian Ocean SST dipole events and southern African rainfall. Geophysical Research Letters, 28(11),
2225–2227. https://doi.org/10.1029/2000GL012735
Reason, C. J. C., & Smart, S. (2015). Tropical south east Atlantic warm events and associated rainfall anomalies over southern Africa.
Frontiers in Environmental Science, 3, 24.
Rojas, O., Li, Y., & Cumani, R. (2014). Understanding the Drought Impact of El Niño on the Global Agricultural Areas: An Assessment Using FAO’s
Agricultural Stress Index (ASI).
Saji, N., & Yamagata, T. (2003). Possible impacts of Indian Ocean dipole mode events on global climate. Climate Research, 25(2), 151–169.
https://doi.org/10.3354/cr025151
Stige, L. C., Stave, J., Chan, K.-S., Ciannelli, L., Pettorelli, N., Glantz, M., Herren, H. R., & Stenseth, N. C. (2006). The eﬀect of climate variation
on agro-pastoral production in Africa. Proceedings of the National Academy of Sciences of the United States of America, 103(9),
3049–3053. https://doi.org/10.1073/pnas.0600057103
Swart, H. S., van Rooyen, P. G., Mwaka, B. B., & Ntuli, C. (2007). Operating Rules for Damswith High Evaporation Losses. Pretoria, South Africa:
WRP Consulting Engineers and the Department of Water Aﬀairs and Forestry, Directorate of Water Resource Planning Systems, South
Africa.
Tarhule, A. (2005). Damaging rainfall and ﬂooding: The other Sahel hazards. Climatic Change, 72(3), 355–377. https://doi.org/10.1007/
s10584-005-6792-4
Tashakkori, A., & Teddlie, C. (1998).MixedMethodology: Combining Qualitative and Quantitative Approaches. Sage.
Tukey, J. W. (1977). Exploratory Data Analysis. Massachusetts: Addison-Wesley Publishing Company Reading.
Unites States National Weather Service Climate Prediction Center. Retrieved from www.cpc.ncep.noaa.gov
Vaccaro, I., Smith, E. A., & Aswani, S. (2010). Environmental Social Sciences: Methods and Research Design. Cambridge University Press, New
York.
Veldkamp, T. I., Eisner, S., Wada, Y., Aerts, J. C., & Ward, P. J. (2015). Sensitivity of water scarcity events to ENSO-driven climate variability at
the global scale. Hydrology and Earth System Sciences, 19(10), 4081–4098. https://doi.org/10.5194/hess-19-4081-2015
Ward, P. J., Beets, W., Bouwer, L. M., Aerts, J. C. J. H., & Renssen, H. (2010). Sensitivity of river discharge to ENSO. Geophysical Research
Letters, 37(12), n/a-n/a). https://doi.org/10.1029/2010GL043215
Washington, R., & Preston, A. (2006). Extreme wet years over southern Africa: Role of Indian Ocean sea surface temperatures. Journal of
Geophysical Research: Atmospheres, 111(D15). https://doi.org/10.1029/2005JD006724
Water Utilities Corporation (2015), Greater Gaborone AreaWater Supply Situation. W. U. C. Botswana, Water Utilities Corporation Facebook
Page. Retrieved from https://www.facebook.com/waterutilities/posts/1082808101737486
Wong, L. (2008). Data analysis in qualitative research: A brief guide to using NVivo.Malaysian Family Physician, 3(1), 7.
World Bank (2010). The Zambezi River Basin: AMulti-Sector Investment Opportunities Analysis. Modeling, Analysis and Input Data.
Washington, DC: World Bank.
Wu, L., & Brynjolfsson, E. (2014). The future of prediction: How Google searches foreshadow housing prices and sales. In Economic Analysis
of the Digital Economy. Chicago, IL: University of Chicago Press.
Zambia Vulnerability Assessment Committee (2015). In-depth vulnerability and needs assessment report.
SIDERIUS ET AL. 21
